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As an alternative to variation in mRNA levels, P-450-related activities may be altered by modifications of structural genes. We are presently examining genomic DNA samples from phenotyped individuals with cDNA and RNA probes to determine if any altered patterns can be related to unusual catalytic activity.
In xenobiotic metabolism in the rat, there are several links between the soluble glutathione transferases and enzymes of the cytochrome P-450 mixed-function mono-oxygenase system, such as: ( I ) many electrophiles that result from the oxidation of xenbiotics by cytochrome P-450 enzymes are detoxified by glutathione transferases (for review see Ketterer et al., 1986) ; (2) many of the same agents induce members of both groups of enzymes (e.g. phenobarbitone; for a review see Jakoby & Habig, 1980) . Both enzyme groups are comprised of large numbers of isoenzymes which show marked tissue-specific distribution. Also, both enzyme groups can be subdivided into families which, in the case of glutathione transferases, can be recognized across species (for a review, see Mannervik, 1985) . In all species, the glutathione transferases are dimeric enzymes, the subunits of which have been allotted to families according to the following criteria: amino acid composition, peptide maps, N-terminal sequences, subunit-subunit association, and activities toward a variety of substrates. Hence, subunits 1 and 2, 3 and 4, and 7 have been reported to be products of mutliple genes which fall into three gene families (Beale et ul., 1982 (Beale et ul., , 1983 Mannervik et ul., 1985) . Given such structural relationships, it should be possible to examine in vitro the structure-function relationships of the soluble glutathione transferases, and as a first step toward this aim we shall describe the structural relationships between, and the occurrence of, subunits of the enzymes on the basis of present evidence.
Structural relationships of' the subunits of rat glutathione transferases
In the subunit 1 /2 family, microheterogeneity reported for subunit 1 (Beale et al., 1982) has been confirmed by the characterization of the cDNA sequences containing nucleotide variations (2%) scattered along the coding sequences. Substantial variation also occurs in the 3'non-coding sequences, thereby supporting the interpretation that there are at least two genes encoding subunit 1 polypeptides (Pickett et al., 1984; Lai et al., 1984; Taylor et al., 1984) . For similar reasons subunit 2, which is 90% homologous to subunit 1 at the nucleotide level, can be assumed to be a third member of this gene family (Telakowski-Hopkins et al., 1985) . I t is probable that more members of this multigene family have yet to be identified, given the complexity seen in our Southern blot analysis of restriction enzyme digests of (Pemble et ul.. 1986~) and as yet unexplained microheterogeneity in the purified proteins (Beale c~t a/., 1982) . The amino acid sequence of subunit 7, deduced from the cDNA sequence (pGSTr7, Fig. I : see Suguoka et al., 1985) , has some homology (32%) to the subunit 1/2 family but no significant homology at the nucleotide level. We have found only two nucleotide variations between cDNA clones isolated by ourselves ( Fig. 1; Pemble ct al., 19866 ) and Suguoka ct a/. (1985) . These variations may correspond to strain differences. Subunit 7 is, however, a member of a multigene family since Southern blot analysis of restriction enzyme digests of rat genomic DNA. using "P-labelled pGSTr7 DNA as probe, yields numerous homologous restriction fragments in each digest (Pemble et al., 19866) . We have no evidence at this time for the expression of a second gene from within this family.
We have previously assigned subunits 3 and 4 to a multigene family which is now known to include subunit 6 (Beale et al., 1983 ; D. Beale, D. J . Meyer & B. Ketterer, unpublished work) . This interpretation has been confirmed for subunits 3 and 4 by DNA sequence data from other laboratories (Ding et al., 1985; Lai et al., 1986; Rothkopf et al., 1986) . To summarize, of the eight subunits named so far, six have been assigned to three multigene families and two ( 5 VOl. 15 and 8) have yet to be characterized. However, in common with other multigene families, these proteins exhibit remarkable tissue-specific expression, the study of which yields other, as yet unassigned, subunits. For example, mRNA from the epididymis codes for several cell-free translation products which are immunoprecipitable by antibodies to glutathione transferases and which cannot be identified with subunits in vivo .
Tissue-spec@c expression of the rut glutathione transferase subunits
We, and others, have observed considerable variation of isoenzyme content from tissue to tissue of the rat. For example subunit 1 is abundant in the liver and kidney but absent or of low occurrence in other tissues, whereas subunit 2 occurs in almost all tissues and is especially predominant in the adrenal gland (Ketterer et al., 1986) . Similar large variations also occur in the levels of subunits 3 and 4. Of particular interest are changes in the liver that happen during chemical hepatocarcinogenesis. Thus, subunit 1 becomes a minor component, subunit 2 remains at a high level, subunit 3 increases in quantity and subunit 7, absent from normal liver, is expressed as a major component (Ketterer et a/., 1986). Subunit 7, therefore, has been described as a hepatoma marker. At the level of transcription, we have Using a subunit 1 cDNA probe we have shown that subunit 1 and 2mRNAs occur at high levels in the liver and kidney. In other tissues subunit 1 mRNA is at very low levels or absent, whereas subunit 2mRNA is found at high levels in the epididymis and hepatoma, at a much lower level in adrenal gland, testis, spleen and lung, and is absent from heart (Pemble et al., 19860) . We have confirmed the identity of the hybridizing species in hepatoma mRNA by sequencing a full-length cDNA clone prepared from hepatoma mRNA and encoding subunit 2 (S. Pemble & J. Taylor, unpublished work) . This clone has no differences to that prepared from normal liver mRNA (Telakowski-Hopkins et al., 1985) . An outstanding anomaly is the low level of hybridization to mRNA from the testis given the high level of the protein in vivo, and the reasons for this result are not known.
Using a subunit 7 cDNA probe we have shown that although hybridizing mRNA occurs at very high levels in the hepatoma, it also occurs (in order of decreasing abundance) in epididymis, kidney, adrenal gland, lung, spleen, skeletal muscle and heart and is absent from the testis (Pemble et al., 19866) . Therefore, subunit 7 is a hepatoma marker only with respect to normal liver.
Conserved structural components within subunits
There are three obvious regions of structural similarities between all the subunits of rat glutathione transferases and this is suggestive of conservation of these features for a common purpose such as the binding of glutathione (Fig. 2 , from Suguoka et al., Lai et al., 1986) . However, within the subunit 3/4 gene family there is a very high degree of conservation of amino acid residues along the full length of the subunits , whilst, within the subunit 1 /2 gene family, the degree of conservation varies along the length of the subunits, with two regions of very high homology (Telakowski-Hopkins et al., 1985) . These two regions of high homology coincide with exons 2 and 4 of a structural gene coding for a subunit 1 polypeptide (Telakowski-Hopkins et al., 1986). Interestingly, the second region of very high homology between rat subunits 1 and 2 shares 16 conserved amino acid residues with a glutathione transferase subunit from the plant kingdom, namely maize glutathione transferase I11 (Fig. 3; Moore et al., 1986) . It is remarkable that these subunits of rat and maize glutathione transferases should have so many identical amino acids occurring at the same positions in their sequences. It is possible therefore, that this region is important to some structure-function relationship of the glutathione transferases. Conservation of the primary N-terminal sequence of rat and human glutathione transferase subunits has also been observed (for review see Mannervik, 1985) . Such conservation between subunits within and across species bodes well for future structure-function investigations of glutathione transferases since such conservation provides clues to important regions of the subunits.
